Introduction
============

The reactive oxygen species (ROS) generated by oxidative stress in the central nervous system (CNS) contribute to the pathogenesis of neurodegenerative diseases, including Parkinson\'s disease, Alzheimer\'s disease and amyotrophic lateral sclerosis ([@b1-ijmm-40-06-1860]). Several effective factors have been reported to protect neurons and attenuate neuroinflammation against oxidative stress ([@b1-ijmm-40-06-1860],[@b2-ijmm-40-06-1860]). However, novel therapeutic strategies are required for the clinical application of neuroprotective factors.

Several previous studies have demonstrated a role for mesenchymal stem cells (MSCs) in promoting neuronal survival and the recovery of pathological symptoms in stroke, spinal cord injury and Parkinson\'s disease ([@b3-ijmm-40-06-1860]). In addition, experimental data have demonstrated that trophic factors released from MSCs have a therapeutic effect, termed a \'paracrine effect\', promoting tissue repair, including neuronal survival, differentiation, axonal regeneration and endogenous angiogenesis ([@b4-ijmm-40-06-1860]).

In our previous study, the secretion of various growth factors from human MSCs (hMSCs) were analyzed, with vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), stem cell factor (SCF) and members of the insulin-like growth factor binding protein (IGFBP) family observed. In addition, the expression of IGFBP-4 and -6 was significantly enhanced in hMSC-conditioned medium (hMSC-CM) ([@b5-ijmm-40-06-1860]). A total of six distinct IGFBPs, designated IGFBP-1-6, function as carrier proteins for IGFs, and modulate IGF activities, including cell survival, proliferation, migration and differentiation in various cell types ([@b6-ijmm-40-06-1860]). IGFBPs are also important in biological functions by IGF-independent mechanisms ([@b7-ijmm-40-06-1860]). Despite their sequence homology, individual IGFBPs have distinct gene products and functional properties ([@b8-ijmm-40-06-1860]). IGFBP-6 is expressed in a variety of tissues, including the CNS, and its expression is developmentally regulated. In several cell lines, IGFBP-6 predominantly binds to IGF-2 and inhibits its function ([@b9-ijmm-40-06-1860]). However, the effect of IGFBP-6 on IGF-1 function remains to be fully elucidated, particularly in non-cancer cells. IGF-1 is a widely studied survival factor secreted from hMSCs and is involved in IGF-1 receptor (IGF-1R) signaling ([@b10-ijmm-40-06-1860]).

In the present study, a rat primary cortical neuron culture was used to examine the effect of IGFBP-6 released from hMSCs on neuronal cell death. The results suggested that IGFBP-6 was important in neuronal survival through activation of the Akt- and IGF-1R-mediated signaling pathway.

Materials and methods
=====================

hMSC culture
------------

Cryopreserved adult bone marrow-derived hMSCs were purchased from Cambrex Bioscience (Walkersville, MD, USA). The hMSCs (passages 4--10) were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM)-low glucose containing 10% fetal bovine serum (FBS) (both from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37°C with 5% CO~2~.

Primary cortical neuron-enriched cultures and H~2~O~2~ treatment
----------------------------------------------------------------

All procedures were performed with the approval of the Institutional Animal Care and Use Committee issued by Seoul National University (Seoul, Korea). Primary cortical neuron-enriched cultures were prepared from the cerebral cortices of E17-day-old Sprague-Dawley rat embryos. In brief, the cortical tissue was dissociated and cells were seeded in neurobasal-A medium (NB; Gibco; Thermo Fisher Scientific, Inc.) containing 10% FBS. After 24 h, the medium was replaced with NB containing 2% B27 (Gibco; Thermo Fisher Scientific, Inc.). These primary cortical neuron-enriched cultures were maintained for 7--10 days, with the medium replaced every 3 days. The primary cortical neurons were prepared in 24-well tissue culture plates for H~2~O~2~ treatment, based on a previously reported method ([@b8-ijmm-40-06-1860]), in serum-free NB containing 15 *µ*M H~2~O~2~ for 15 min ([Fig. 1A](#f1-ijmm-40-06-1860){ref-type="fig"}). The medium was then replaced with serum-free NB or CM and cultured for 24 h at 37°C.

hMSC-CM
-------

The hMSCs (5×10^4^ cells/100 mm/dish) were washed twice with phosphate-buffered saline (PBS; pH 7.4) and the medium was replaced with serum-free NB. After 18 h, the medium was collected and added to the H~2~O~2~-treated primary cortical neuron-enriched cultures. For the IGFBP-6 inhibition experiment, 30 *µ*g/ml of anti-IGFBP-6 antibody (cat. no. MAB8762; R&D Systems, Inc., Minneapolis, MN, USA) was added for pre-incubation with the hMSC-CM for 30 min at 37°C ([@b11-ijmm-40-06-1860]).

PD98059, wortmannin and picropodophyllin treatment
--------------------------------------------------

The H~2~O~2~-treated primary cortical neuron-enriched cultures were pre-incubated with PD98059 (50 *µ*M; Promega Corp., Madison, WI, USA), wortmannin (100 nM; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany), or picropodophyllin (PPP, 500 nM; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) diluted in the hMSC-CM for 15, 30 or 15 min at 37°C, respectively ([@b12-ijmm-40-06-1860]--[@b14-ijmm-40-06-1860]). Following pre-incubation with the inhibitors, the cells were treated with 15 *µ*M H~2~O~2~ for 15 min.

Cell viability and apoptosis assays
-----------------------------------

Following treatment as described above, the viability of the cells was then analyzed using the 3-(4,5-dimethylthiaziazol-3-yl)-2,5-diphenyltetrazolium bromide (MTT) method. The cells were incubated with 1 mg/ml MTT (Sigma; Merck Millipore) for 1 h at 37°C. The medium was carefully aspirated, and dimethyl sulfoxide (DMSO) (150 *µ*l) was added to solubilize the colored formazan product. The optical density was read at 554 nm. Terminal deoxynuceotidyl transferase dUTP nick-end labeling (TUNEL) staining was performed using the *In Situ* Cell Death Detection kit (Roche Diagnostics, Basel, Switzerland) according to the manufacturer\'s protocol. In the ventral region of the spinal cord slice cultures, the numbers of apoptotic cells were counted (magnification, ×100). All images were captured using a confocal laser-scanning microscope (FV300; Olympus, Tokyo, Japan).

Immunoblotting
--------------

The primary cortical neuron-enriched cultures were washed twice with cold PBS and lysed with RIPA buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, 0.2 mg/ml leupeptin, 0.2 mg/ml aprotinin, 0.1 M phenylmethylsulfonylfluoride, 1 mM Na~3~VO~4~ and 0.5 M NaF. The lysates were centrifuged at 13,500 × g for 15 min at 4°C, and 30 *µ*g of the supernatants were loaded onto 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels. The membrane was blocked in Tris-buffered saline containing 3% bovine serum albumin (BSA) for 1 h at room temperature. It was incubated overnight at 4°C with the following primary antibodies: Anti-Akt (1:1,000; cat. no. 9272S), anti-phosphorylated (p)Akt (1:1,000; cat. no. 4058S) (both from Cell Signaling Technology, Inc., Beverly, MA, USA), anti-B-cell lymphoma 2-like protein 4 (Bax; 1:1,000; cat. no. 556467; BD Pharmingen, San Diego, CA, USA), anti-cyclooxygenase (COX) IV (1:1,000; cat. no. 4644S; Cell Signaling Technology, Inc.), and anti-α-tubulin (1:5,000; cat. no. T5168; Sigma-Aldrich; Merck Millipore). The primary antibodies were visualized using a chemiluminescence detection system (Thermo Fisher Scientific, Inc.) after incubation with goat anti-rabbit or anti-mouse horseradish peroxidase-conjugated secondary antibodies (cat. nos. A0545 and A2554; Sigma-Aldrich; Merck Millipore) for 1 h at room temperature. Mitochondrial and cytosolic fractions were isolated with the Mitochondrial Fraction kit (Active Motif, Carlsbad, CA, USA) for Bax analysis. ImageJ software 1.6.0 version (NIH, Bethesda, MD, USA) was used for quantification of immunoblotting.

Enzyme-linked immunosorbent assay (ELISA) for IGF-1 and IGF-2
-------------------------------------------------------------

The primary rat cortical neurons in 60-mm dishes were cultured in serum-free base medium with the additional treatment according to the experimental groups described above. After 30 h, the supernatant was collected and centrifuged at 135 × g for 5 min at room temperature. The concentrations of IGF-1 or IGF-2 in the supernatant were quantified using a rat IGF-1 ELISA kit or a rat IGF-2 ELISA kit (cat. nos. ab213902 and ab213903; Abcam), respectively, according to the manufacturer\'s protocols. The optical density at 450 nm was measured using a microplate reader (Epoch2; Bio-Tek Instruments, Inc., Winooski, VT, USA).

Organotypic spinal cord slice culture
-------------------------------------

The organotypic slice cultures were generated as previously described ([@b15-ijmm-40-06-1860]). Briefly, the lumbar spinal cords of 16-day-old post-natal Sprague-Dawley rats were removed after euthanizing with CO~2~ gas. Nerve roots and excess connective tissue were then collected in cold Hank\'s balanced salt solution (Gibco; Thermo Fisher Scientific, Inc.) containing 6.4 mg/ml glucose. Using a Mcllwain tissue chopper (Mickle Laboratory Engineering, Gomshall, UK), the spinal cords were finely cut, and four slices were carefully placed and co-cultured on a membrane insert (Millicell-CM; EMD Millipore, Billerica, MA, USA) for 7 days at 37°C in a 6-well plate with 1 ml of culture media containing 50% Eagle\'s minimum essential medium (Gibco; Thermo Fisher Scientific, Inc.), 6.4 mg/ml glucose and 20 mM HEPES (Sigma; Merck Millipore). The media was replaced twice a week.

Demyelination of organotypic spinal cord slices and hMSC transplantation
------------------------------------------------------------------------

At 7 days following the generation of the spinal cord slice cultures, the slices were treated with 0.5 mg/ml of lysolecithin (LPC; Sigma; Merck Millipore) for 17 h at 37°C to induce demyelination, as previously described ([@b15-ijmm-40-06-1860]). The media was then replaced with fresh media, with or without anti-IGFBP-6 antibody (30 *µ*g/ml). The hMSCs (3×10^4^ cells/2.5 *µ*l) were transplanted into the ventral region of the spinal cord slice cultures using aspirator tube assemblies for microcapillary pipettes (Sigma; Merck Millipore) and the cultures were incubated for 1 week.

Statistical analysis
--------------------

Statistical analysis was performed using the language R (R Development Core Team 2010) and data were and evaluated using one-way analysis of variance (ANOVA) analysis of variance followed by the Newman-Keuls post hoc test. P\<0.05 was considered to indicate a statistically significant difference. All data are presented as the mean ± standard error of the mean.

Results
=======

Neuroprotective hMSC-CM signals by IGFBP-6 through the activation of Akt in H~2~O~2~-treated primary neurons
------------------------------------------------------------------------------------------------------------

The present study examined the neuroprotective effect of hMSC-CM using primary cortical neuron cultures damaged using various concentrations of H~2~O~2~ (5--20 *µ*M for 15 min), and found that hMSC-CM significantly increased cell survival of the cortical neurons exposed to H~2~O~2~ concentrations of 10, 15 and 20 *µ*M ([Fig. 1A](#f1-ijmm-40-06-1860){ref-type="fig"}). The concentration of 15 *µ*M H~2~O~2~ was selected to induce cell death of cortical neurons in subsequent experiments as this concentration resulted in m40.7±4.6% cell death ([Fig. 1A](#f1-ijmm-40-06-1860){ref-type="fig"}). In our previous study, it was reported that transplanted hMSCs protected against cell death in injured slice cultures and one of the growth factors secreted by hMSCs was IGFBP-6 ([@b5-ijmm-40-06-1860]). Therefore, the present study aimed to determine whether IGFBP-6 was responsible for the hMSC-CM-mediated neuronal protection. Of note, the neutralizing antibody against IGFBP-6 eliminated the hMSC-CM-mediated neuronal protection and decreased cell viability to the level found in the H~2~O~2~-treated culture (P\<0.01) ([Fig. 1B](#f1-ijmm-40-06-1860){ref-type="fig"}). These results indicated that IGFBP-6 was crucial in the neuroprotection mediated by hMSC-CM.

To identify the signal transduction pathway responsible for mediating neuroprotection by IGFBP-6 in hMSC-CM, the present study examined the activation of various kinases known to be involved in IGF signaling in primary cortical neurons. Wortmannin, a pharmacological inhibitor of the phosphoinositide 3-kinase (PI3K)/Akt pathway, suppressed the hMSC-CM-mediated neuroprotection of damaged primary cortical neurons (P\<0.01) ([Fig. 1B](#f1-ijmm-40-06-1860){ref-type="fig"}), as did anti-IGFBP-6 antibody, which confirmed the importance of Akt. However, PD98059, a pharmacological inhibitor of extracellular signal-regulated kinase (ERK), did not affect the neuroprotection induced by hMSC-CM ([Fig. 1B](#f1-ijmm-40-06-1860){ref-type="fig"}). A significant increase in pAkt was observed in the hMSC-CM-treated cells 30 min and 1 h following hMSC-CM treatment, compared with that in the controls under oxidative stress (P\<0.01) ([Fig. 1C](#f1-ijmm-40-06-1860){ref-type="fig"}). These results suggested that the Akt signaling pathway was important in IGFBP-6-mediated neuroprotection in primary cortical neurons.

Akt is activated by IGFBP-6 via IGF-1R
--------------------------------------

The neuroprotective IGFBP-6 signaling pathway may be associated with the activation of Akt ([Fig. 1B and C](#f1-ijmm-40-06-1860){ref-type="fig"}). To confirm this, the phosphorylation level of Akt in hMSC-CM was determined following H~2~O~2~ treatment, with or without anti-IGFBP-6 antibody incubation. The protein level of pAkt was significantly increased in the hMSC-CM-treated primary cortical neurons following the induction of oxidative stress (P\<0.01) ([Fig. 2A](#f2-ijmm-40-06-1860){ref-type="fig"}). However, pre-incubation with the anti-IGFBP-6 antibody eliminated the hMSC-CM-mediated activation of Akt and decreased the level of pAkt to the level observed in the H~2~O~2~-treated condition cultures (P\<0.01) ([Fig. 2A](#f2-ijmm-40-06-1860){ref-type="fig"}). Several studies have reported that the activation of Akt is involved in the IGF-1R downstream pathway ([@b16-ijmm-40-06-1860]). Using PPP, an inhibitor of IGF-1R, it was showed that the neuroprotective effect of hMSC-CM occurred through the IGF-1R-mediated activation of Akt. PPP treatment significantly reduced the hMSC-CM-mediated phosphorylation of Akt (P\<0.05) ([Fig. 2B](#f2-ijmm-40-06-1860){ref-type="fig"}). These results suggested that hMSC-CM protected the primary cortical neurons against oxidative stress-induced cell death through the activation of IGF-1R by IGFBP-6.

Modulation of Bax translocation by IGFBP-6
------------------------------------------

IGF-induced survival effects are regulated by Akt signaling, which interrupts the mitochondria-mediated apoptotic pathway and translocation of Bax, a regulator of apoptosis ([@b17-ijmm-40-06-1860]). The majority of Bax present in the cytosol translocates into the mitochondrial membrane during apoptosis ([@b18-ijmm-40-06-1860],[@b19-ijmm-40-06-1860]). Oxidative stress induced by H~2~O~2~ treatment significantly increased the level of Bax in the mitochondria (\~2.8-fold vs. control) and significantly reduced the cytosolic level of Bax (P\<0.01) ([Fig. 3](#f3-ijmm-40-06-1860){ref-type="fig"}). By contrast, hMSC-CM treatment inhibited the translocation of Bax and significantly reduced the level of mitochondrial Bax induced by H~2~O~2~ to the control level, restoring the cytosolic level of Bax. However, pre-incubation with the anti-IGFBP-6 antibody reversed the effect of hMSC-CM treatment and increased the mitochondrial level of Bax following H~2~O~2~ exposure (\~1.9-fold vs. control), whereas the cytosolic level of Bax was reduced (P\<0.01) ([Fig. 3](#f3-ijmm-40-06-1860){ref-type="fig"}). These results suggested that the IGFBP-6-induced activation of Akt inhibited the translocation of endogenous Bax from the cytoplasm to mitochondria, thereby promoting neuronal survival.

Extracellular levels of IGF-1 and IGF-2 by IGFBP-6 in H~2~O~2~-treated primary cortical neurons
-----------------------------------------------------------------------------------------------

As shown in [Fig. 2B](#f2-ijmm-40-06-1860){ref-type="fig"}, the neuroprotective effect of IGFBP-6 was regulated by IGF-1R signaling. However, IGFBP-6 has a higher binding affinity for IGF-2 than for IGF-1 and inhibits IGF-2 ([@b9-ijmm-40-06-1860]). Therefore, ELISA was used in the present study to examine the extracellular levels of IGF-1 or IGF-2 in damaged primary cortical neurons, with or without IGFBP-6, in hMSC-CM. Oxidative stress significantly increased the extracellular level of IGF-2, but not that of IGF-1, in the primary cortical neurons (P\<0.01) ([Fig. 4](#f4-ijmm-40-06-1860){ref-type="fig"}). By contrast, hMSC-CM treatment significantly increased the extracellular level of IGF-1 (P\<0.05) ([Fig. 4A](#f4-ijmm-40-06-1860){ref-type="fig"}), and reversed the higher level of extracellular IGF-2 induced by H~2~O~2~ to the control level (P\<0.01) ([Fig. 4B](#f4-ijmm-40-06-1860){ref-type="fig"}). Treatment with hMSC-CM but without IGFBP-6 also significantly increased the extracellular level of IGF-1, compared with that in the control (P\<0.05) ([Fig. 4A](#f4-ijmm-40-06-1860){ref-type="fig"}). However, the enhanced level of extracellular IGF-2 in the cortical neurons damaged by H~2~O~2~ was maintained, even when treated with hMSC-CM without IGFBP-6 (P\<0.05) ([Fig. 4B](#f4-ijmm-40-06-1860){ref-type="fig"}). These results indicated that IGFBP-6 significantly inhibited the oxidative stress-induced increase in extracellular levels of IGF-2, but did not directly regulate the extracellular levels of IGF-1.

Effect of hMSC transplantation in an ex vivo model of spinal cord injury
------------------------------------------------------------------------

In our previous study, it was demonstrated that the transplantation of hMSCs significantly increased cell survival in LPC-treated demyelinated organotypic spinal cord slice cultures ([@b15-ijmm-40-06-1860]). Demyelination is a pathological feature of several neurological disorders and is caused by oxidative stress in neuroinflammation ([@b20-ijmm-40-06-1860]). The present study used an *ex vivo* model of spinal cord injury to examine whether hMSCs exert their neuroprotective role through IGFBP-6. Demyelination by LPC treatment notably increased the average number of TUNEL-stained cells per slice, compared with that in the untreated control, whereas transplantation of hMSCs significantly decreased the average number of TUNEL-stained cells per slice by 31±5.5%, compared with that in the LPC-treated slices (P\<0.01) ([Fig. 5](#f5-ijmm-40-06-1860){ref-type="fig"}). In addition, pre-incubation of the LPC-treated slices with anti-IGFBP-6 antibody resulted in a marked reversal of the anti-apoptotic effect of hMSC transplantation. Anti-IGFBP-6 antibody treatment in the hMSC-transplanted slices increased the average number of TUNEL-stained cells per slice, compared with that of the LPC-treated slices. These results indicated that IGFBP-6 was critical for hMSC-mediated cell survival in the demyelinated organotypic spinal cord slice cultures. Taken together, these results suggested that IGFBP-6 was important in neuronal survival through activation of the Akt- and IGF-1R-mediated signaling pathway ([Fig. 6](#f6-ijmm-40-06-1860){ref-type="fig"}).

Discussion
==========

The therapeutic effects of hMSCs have been attributed to their multipotency to replace damaged or lost cells and the secretion of paracrine factors ([@b4-ijmm-40-06-1860]). hMSCs promote neuronal survival and neuritogenesis by secreting neurotrophic factors ([@b21-ijmm-40-06-1860]). hMSC-CM can increase neuronal survival and neurite outgrowth, which is associated with higher levels of secreted IGF-1, HGF, VEGF and TGF-β ([@b22-ijmm-40-06-1860]). However, the detailed function of each paracrine factor in hMSC-CM remains to be fully elucidated. IGFBP-6, one of the abundant growth factors released from hMSCs, increases lifespan and decreases apoptosis ([@b23-ijmm-40-06-1860]). It also has direct mitogenic and anti-apoptotic effects in Saos-2/B-10 cells, a human osteoblastic osteosarcoma cell line ([@b24-ijmm-40-06-1860]).

The present study demonstrated for the first time, to the best of our knowledge, that IGFBP-6 released from hMSCs possessed neuroprotective effects in a primary cortical neuron culture. IGFBP-6 in hMSC-CM protected primary cortical neurons against the oxidative stress induced by H~2~O~2~. The phosphorylation of Akt was markedly enhanced in damaged primary cortical neurons treated with hMSC-CM, compared with that in cells without hMSC-CM treatment, and the expression of pAkt inhibited neuronal cell death. Additionally, the activation of Akt was reduced following the addition of anti-IGFBP-6 inhibitory antibody in the hMSC-CM, suggesting that IGFBP-6 regulated the level of pAkt. It has been reported that the activation of Akt in neurons prevents the translocation of pro-apoptotic Bax to the mitochondria by inhibiting p53-mediated transactivation ([@b25-ijmm-40-06-1860],[@b26-ijmm-40-06-1860]). The results of the present study also demonstrated that hMSC-CM treatment prevented the translocation of Bax to the mitochondria induced by H~2~O~2~ treatment. However, incubation with the anti-IGFBP-6 antibody reversed the effect of hMSC-CM treatment and increased the level of mitochondrial Bax following H~2~O~2~ treatment.

Consistent with the results of the present study, several studies have shown a specific role of IGFBP-6 in cell survival. IGFBP-6 inhibits the senescence and death of human fibroblasts ([@b23-ijmm-40-06-1860]), and IGFBP-6 was found to be markedly upregulated in the brain following hypoxic-ischemic (HI) injury, whereas IGF-2 was not ([@b27-ijmm-40-06-1860]). Another study reported that treatment with IGF-2 increased neuronal loss in the hippocampus and dentate gyrus during brain damage caused by HI injury, and inhibited IGF-1-induced neuroprotection ([@b28-ijmm-40-06-1860]). As IGFBP-6 inhibits IGF-2 due to its high binding affinity ([Fig. 4](#f4-ijmm-40-06-1860){ref-type="fig"}) ([@b9-ijmm-40-06-1860]), the neuroprotective effects of IGFBP-6 can be potentiated by free IGF-1 ([@b27-ijmm-40-06-1860]). IGF-1 regulates DNA synthesis, cell growth and anti-apoptotic pathways, and induces neuronal differentiation ([@b29-ijmm-40-06-1860]). In general, IGF-1 and IGF-2 bind to IGF-1R, thereby inducing the activation of the Akt and/or ERK pathways ([@b16-ijmm-40-06-1860],[@b30-ijmm-40-06-1860]). The results of the present study suggested that IGFBP-6 primarily activated Akt, rather than ERK ([Fig. 1B](#f1-ijmm-40-06-1860){ref-type="fig"}). In addition, the significantly increased expression of pAkt following hMSC-CM treatment was reversed by PPP treatment ([Fig. 2B](#f2-ijmm-40-06-1860){ref-type="fig"}), indicating that IGFBP-6 may enhance the phosphorylation of Akt through IGF-1R-mediated signaling. These findings suggested that IGFBP-6 inhibited the apoptotic effect of IGF-2 and regulated IGF-1R-mediated signaling via free IGF-1, which activated the anti-apoptotic PI3K/Akt signaling pathway.

The IGF-independent effects of IGFBP-6 ([@b6-ijmm-40-06-1860]) may also contribute to neuroprotection in primary cortical neurons. Gli1, a full length transcriptional activator of hedgehog signaling, maintains cell survival by facilitating the transcription of Bcl-2 genes through binding to promoter regions in IGFBP-6 ([@b31-ijmm-40-06-1860],[@b32-ijmm-40-06-1860]) and mediates the survival of diffuse large B-cell lymphoma cells by promoting the transcription of Akt ([@b33-ijmm-40-06-1860]). This is consistent with the finding of the present study that hMSC-CM containing IGFBP-6 increased the level of pAkt.

However, the function of IGFBP-6 remains controversial. Several studies have reported on the anti-proliferative activity of IGFBP-6. For example, IGFBP-6 predominantly binds to IGF-2 and inhibits IGF/insulin signaling to suppress cell proliferation and survival in various cancer cell lines ([@b9-ijmm-40-06-1860],[@b34-ijmm-40-06-1860]). The present study provided insight into IGFBP-6-mediated cellular survival mechanisms in the nervous system. However, further investigations are required, particularly regarding the detailed mechanisms of IGF-1 and IGF-1R signaling through IGFBP-6. Taken together, the results of the present study indicated that IGFBP-6 is an important neuronal survival factor secreted from hMSCs, suggesting that IGFBP-6 is a desirable factor for the treatment of neurodegenerative diseases.
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![Neuroprotective effect of hMSC-CM is attributed to the release of IGFBP-6 and activation of Akt in H~2~O~2~-treated primary cortical neurons. (A) Primary cortical neurons were treated with H~2~O~2~ (0--20 *µ*M) for 15 min and then incubated with or without hMSC-CM. (B) Following H~2~O~2~ treatment (15 *µ*M H~2~O~2~ for 15 min), the cells were incubated with hMSC-CM or hMSC-CM pretreated with anti-IGFBP-6-Ab. The cells were also pre-incubated with PD98059 (50 *µ*M) or wortmannin (100 nM) prior to H~2~O~2~ treatment and incubation with hMSC-CM. All 3-(4,5-dimethylthiaziazol-3-yl)-2,5-diphenyl tetrazolium bromide assays were performed 24 h following H~2~O~2~ treatment. (C) Expression levels of pAkt in H~2~O~2~-treated primary cortical neurons were observed 30, 60, 120 and 180 min following hMSC-CM treatment by immunoblotting. The data are presented as the mean ± standard error of the mean of at least four independent experiments. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. control; ^†^P\<0.05 and ^††^P\<0.01 vs. H~2~O~2~ (−) hMSC-CM; ^\#\#^P\<0.01 vs. H~2~O~2~ (+) hMSC-CM. Analysis of variance followed by the Newman-Keuls post hoc test were used. hMSC-CM, human mesenchymal stem cell-conditioned medium; pAKT, phosphorylated Akt; IGFBP-6 Ab, insulin-like growth factor binding protein 6 antibody.](IJMM-40-06-1860-g00){#f1-ijmm-40-06-1860}

![IGFBP-6 activates Akt in oxidative stress-damaged primary cortical neurons via IGF-1 receptor-dependent signaling. (A) Phosphorylation of Akt was examined in primary cortical neurons incubated with hMSC-CM or hMSC-CM pretreated with an anti-IGFPB-6-Ab following H~2~O~2~ treatment. (B) Primary cortical neurons were pre-incubated with PPP (500 nM) for 15 min prior to H~2~O~2~ treatment. Expression levels of pAkt were detected 30 min following H~2~O~2~ treatment. Data are presented as the mean ± standard error of the mean of at least four independent experiments. ^\*\*^P\<0.01, vs. control; ^††^P\<0.01 vs. H~2~O~2~ (−) hMSC-CM; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. H~2~O~2~ (+) hMSC-CM. Analysis of variance followed by the Newman-Keuls post hoc test were used. hMSC-CM, human mesenchymal stem cell-conditioned medium; pAKT, phosphorylated Akt; IGFBP-6 Ab, insulin-like growth factor binding protein 6 antibody; PPP, picropodophyllin.](IJMM-40-06-1860-g01){#f2-ijmm-40-06-1860}

![IGFBP-6 modulates the translocation of Bax in primary cortical neurons. (A) Immunoblotting and quantification of cytosolic and mitochondrial protein levels of Bax in primary cortical neurons incubated with hMSC-CM or hMSC-CM pretreated with anti-IGFPB-6 antibody following H~2~O~2~ treatment. (B) Mitochondrial and (C) cytosolic levels of Bax were quantified 24 h following H~2~O~2~ treatment. The data are presented the mean ± standard error of the mean of at least four independent experiments. ^\*\*^P\<0.01 vs. control; ^††^P\<0.01 vs. H~2~O~2~; ^\#\#^P\<0.01 vs. hMSC-CM. Analysis of variance followed by the Newman-Keuls post hoc test were used. hMSC-CM, human mesenchymal stem cell-conditioned medium; cyto, cytosolic; mito, mitochondrial; Bax, B-cell lymphoma 2-like protein 4; COX-IV, cyclooxygenase IV; IGFBP-6 Ab, insulin-like growth factor binding protein-6 antibody.](IJMM-40-06-1860-g02){#f3-ijmm-40-06-1860}

![IGFBP-6 inhibits extracellular IGF-2 induced by oxidative stress in primary cortical neurons. Concentrations of (A) IGF-1 and (B) IGF-2 in the supernatant of primary cortical neuron cultures incubated with hMSC-CM or hMSC-CM pretreated with anti-IGFPB-6-Ab following H~2~O~2~ treatment were analyzed using an enzyme-linked immunosorbent assay. The data are presented the mean ± standard error of the mean of at least four independent experiments. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. control; ^†^P\<0.05 vs. H~2~O~2~; \#P\<0.05 vs. hMSC-CM. Analysis of variance followed by the Newman-Keuls post hoc test were used. hMSC-CM, human mesenchymal stem cell-conditioned medium; IGF, insulin-like growth factor; IGFBP-6 Ab, insulin-like growth factor binding protein-6 antibody.](IJMM-40-06-1860-g03){#f4-ijmm-40-06-1860}

![Neuroprotective effect of hMSCs is attributed to the release of IGFBP-6 in LPC-treated organotypic spinal cord slice cultures. (A) hMSCs or hMSCs incubated with anti-IGFBP-6-Ab were transplanted into LPC-treated spinal cord slice cultures. Scale bar, 100 *µ*m (B) Cell death was examined 7 days following LPC treatment by TUNEL staining. Arrows indicate fluorescence staining with TUNEL. The number of TUNEL-positive cells was quantified as the mean ± standard error of the mean of three independent experiments. ^\*\*^P\<0.01 vs. control; ^††^P\<0.01 vs. LPC treatment; ^\#\#^P\<0.01 vs. transplantation of hMSCs. Analysis of variance followed by the Newman-Keuls post hoc test were used. hMSC-CM, human mesenchymal stem cell-conditioned medium; LPC, lysolecithin; IGFBP-6 Ab, insulin-like growth factor binding protein 6 antibody; TUNEL, terminal deoxynuceotidyl transferase dUTP nick-end labeling; TP, transplantation.](IJMM-40-06-1860-g04){#f5-ijmm-40-06-1860}

![Diagram of the molecular mechanisms underlying the neuroprotective effect of IGFBP-6 via IGF-1R-dependent signaling. IGFBP-6 released from hMSCs prevented neuronal death induced by oxidative stress via the IGF-1R-mediated activation of Akt. IGFBP-6 inhibited the translocation of Bax to the mitochondria via the activation of PI3K/Akt, suggesting a potential role of IGFBP-6 in neuroprotection against oxidative stress through the IGF-1R pathway. hMSC, human mesenchymal stem cell; IGF-1R, insulin-like growth factor-1 receptor; IGFBP-6 Ab, insulin-like growth factor binding protein-6 antibody; Bax, B-cell lymphoma 2-like protein 4; PI3K, phosphoinositide 3-kinase; PPP, picropodophyllin.](IJMM-40-06-1860-g05){#f6-ijmm-40-06-1860}
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